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There  a r e  severa l  phases to the r e s e a r c h  program on Investi- 
gation into the Mechanisms and Rates  of Atmospheric Mixing i n  the 
Lower Thermosphere.  
1. Pleat Budget and Oxygen Transpor t  (F. S. Johnson) 
The  work, ca r r i ed  on in collaboration with Prof.  B. Gottlieb 
ob Bishop College, is summarized i n  a review paper  presented a t  the 
International Symposium on Solar T e r r e s t r i a l  Physics .  
attached. 
A copy is 
The  cu r ren t  direction of the r e s e a r c h  is a n  examination of the 
atomic oxygen budget taking into account Posses f rom above the turbo- 
pause by eddy diffusion downward and horizontal  t ranspor t  due to winds 
in  the thermosphere,  the average pat tern of the la t ter  having been 
determined f r o m  thermal  studies a l ready completed. Early indications 
a r e  that l a rge  sca le  t ranspor t  is a small factor compared to eddy 
diffusion foP the downward t ranspor t  of a tomic oxygen over the winter 
polar region. 
https://ntrs.nasa.gov/search.jsp?R=19700033047 2020-03-11T23:00:13+00:00Z
2, Nonlinear Effects of Internal Grax-ity Waves (R.  R.  Hodges, Jr. ) 
A nonlinear process  in  the propagation of internal gravity waves 
appears  to be capable of producing significant vertical  t ransport  of 
minor  constituents in the thermosphere (Hodges, 1970). The mechanism 
is mass-dependent,  causing upward flow of heavy gases  and downward 
flow of light gases. It has been used to explain the nonequilibrium 
distributions of helium, noted by Kasprzak (1969), a s  representing a 
quasi-equilibrium condition in which a small  helium scale height, and 
the result ing upward diffusion, a r e  offset by downward t ransport  by 
nonlinear action of gravity waves. 
The  l a rge  amplitudes of a tmospheric  oscillations in the thermosphere 
suggest the possible association of other thermospher ic  phenomena with 
nonlinear wave processes .  F o r  example, there  seems to be an  analogy of 
Stokes drift i n  ocean waves with the apparent rotation of the thermosphere 
a t  a grea te r  r a t e  than corotation with the earth. 
have suggested a s imilar  explanation, in  t e r m s  of longitudional asymmetry  
of the diurnal tidal oscillation. 
since the maximum and minimum of temperature  in the upper thermosphere 
occur near  1400 and 0400 hours LMT respectively, the eastward path (from 
the fo rmer  to the l a t t e r )  having l e s s  ion drag causes  fas te r  winds to the 
Kohl and King (1967) 
The essence of their  argument is that 
east  for  fourteen hours per day than to the west  for ten hours, resulting 
in  an apparent a tmospheric  rotation in satell i te drag data. 
Another apparent example of thermospheric  t ransport  associated 
with wave motion i s  the F-region s torm.  
that these a r e  cor re la ted  with disturbances in au ro ra l  regions, and con- 
cluded that a tmospheric  waves c a r r y  energy f r o m  aurora l  events to 
produce F-region s t o r m s  at lower lati tudes by increasing the ratio of 
molecular  to a tomic gases  in the F-region and thus increasing the 
electron lo s s  rate.  King suggests that this is a turbulent process ,  but 
i t  would seem that the viscosity of the thermosphere would preclude 
development of sufficient turbulent eddies. 
s eems  to involve the ver t ical  t ranspor t  of atomic oxygen downward and 
molecular  oxygen and nitrogen upward, due to a nonlinear (but nonturbulent) 
p rocess  in  the gravity waves of au ro ra l  origin. The mass-dependence 
of the mechanism for ver t ica l  t ranspor t  of minor  constituents b y  wave 
action (Hodges, 1970) has  the proper  behavior to do this, and the analogy 
is  probably good near  the turbopause, where atomic oxygen is a minor  
constituent. 
and it is necessary  to formulate  the problem in t e r m s  of propagation of 
internal  gravity waves in a viscous gas mixture.  
King (1962, 1966) has  noted 
A m o r e  plausible explanation 
At g rea t e r  altitudes atomic oxygen is  not a minor constituent, 
3. Atomic Oxygen Measurements  below 100 km (W. B. Hurt)  
The  minimum detectable atomic oxygen concentration by a con- 
trolled chemiluminescent t i tration still appears  to be in the neighborhood 
10 - 3  0 
of 2 x 10 cm e A new source  of the 1300 A atomic oxygen resonance 
l ine has  been developed that i s  about a n  o r d e r  of magnitude br ighter  than 
our previous sources  and has  very close to the proper  5:3:1 ratio among 
the f ine-s t ructure  intensit ies.  
only clue as to the source Pine-shape and is important information in  
converting our fractional absorption measurements  to a tomic oxygen 
concentrations, 
afterglow in which oxygen is added downstream f rom the discharged 
helium. 
by the surviving long-lived s ta tes  of helium. 
t ransi t ion i s  apparently produced by two independent mechanisms.  
f i r s t  mechanism being, 
It will  be recal led that this ra t io  i s  our  
Basically the source  is composed of a flowing helium 
Various atomic and molecular  oxygen levels  a r e  then excited 
The atomic oxygen resonance 
The 
4. 3 ~ e ( 2  S) t 02+ 0- t o . 
0 
The upper level of the 1300 A radiation is only one of severa l  excited 
levels  of 0 produced in  this reaction. 
reaction of the typeo 
Secondly, i t  appears  that a 
t t 
He2 t 02+ O2 t e t 2He 
t 
2 a lso  takes place and the 0 then dissociatively recombines with one of 
the dissociating oxygen atoms again being formed in the upper level of 
the 1300 A radiation. 
in  which the 2 S metastable  production mechanism dominates as  this gives 
The source  i s  generally operated under conditions 
3 
i 
the bet ter  intensity ratios.  Data has  been taken with this source  and 
a n  activated sodium- salicylate photomultiplier detection sys tem with 
resu l t s  that a r e  completely compatible with those reported a year  ago. 
At  this t ime it was found that our chemiluminescent intensity and 
absorption measurements  extrapolated back to a minimum detectable 
atomic oxygen concentration of 2 x 10 c m  , as mentioned above. 
Extensive data has  not yet been taken with the new source in  anticipation 
of the l e s s  noisy signals that would be available when the electron multi-  
pl ier  and counting electronics became rel iably operative and could be 
10 - 3  
used for  the 1300 A detection. 
repor t  was  submitted but t he re  have been seve ra l  equipment malfunctions 
necessitating some design changes. 
completed and the system now has essent ia l ly  z e r o  background count 
r a t e  ( <  l .O/sec)  and appears  reliable. 
retaking our  absorption data using the new source  and improved detection 
system. 
This sys tem was operative when the l a s t  
These  changes have recently been 
It is now planned to begin 
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Abstract  
The atmosphere is  highly stratif ied,  even t o  high levels ,  
and hence important  t ranspor t  questions arise in which ver t ica l  
t r anspor t  alone constitutes a useful approximation. Thus, the thermo- 
sphe re  was first described in  terms of molecular  conduction t r ans fe r -  
r ing hea t  f rom higher  levels  to lower,  which is required because .of 
the lack  of adequate energy emission mechanisms at the higher levels.  
La ter ,  the importance of eddy conduction was recognized as a means 
of extending the t rea tment  well down into the mesosphere,  where finally 
radiative processes  a r e  powerful enough to dispose of the excess  heat 
deposited at the higher levels.  Transpor t  problems also arise with 
r ega rd  to a tmospheric  constituents, and seve ra l  studies have been made  
of this  problem. These considerations have provided a conceptually 
complete description of the upper atmosphere in the approximation 
that horizontal t ransport  can be neglected. 
have been undertaken to consider the horizontal t ransport  by la rge-  
scale  circulation. First and most  direct ,  the horizontal wind field 
Two different approaches 
in the middle and upper thermosphere was calculated based on the 
p re s su re  distributions derived f rom satell i te orbital  decay observa-  
tions. Then continuity conditions were used to calculate the ver t ical  
motions. The second approach was to  evaluate the energy deficits o r  
surpluses a s  a function of altitude and latitude and to  assume the p re -  
sence of ver t ical  motions sufficient to balance these deficits o r  s u r -  
pluses by compressional heating o r  cooling. Then continuity c m d i -  
tions were used to  derive horizontal winds. The resul ts  of the two 
approaches a r e  compatible, and a r e  largely complementary. Down- 
ward velocities a r e  near  1 m s a t  300 km over the diurnal minimum 
-1  
and the winter 
polar region. 
-1 
polar region, and 1 cm s a t  100 km over the winter 
-2- 
Introduction 
The atmosphere is highly s t ra t i f ied at all levels.  A considerable 
degree of understanding of the ver t ical  s t ruc tu re  of the atmosphere can 
be attained by considering ver t ical  t r anspor t  p rocesses  alone. This is 
not to say  that horizontal  variations and horizontal  t ranspor t  a r e  not 
important - they a r e  - but i f  a comprehensive understanding of the 
s t ruc ture  of the atmosphere is to be developed in s teps  i t  is necessary  
f irst  to understand the effects of the ver t ica l  t ranspor t  p rocesses .  
One of the ea r l i e s t  studies contributing to such understanding 
was that of Emden (1913), who explained in t e r m s  of radiation equili- 
b r ium and eddy mixing the division of the atmosphere into troposphere 
and s t ra tosphere.  La te r  Gowan (1936) showed how the ozone layer  
per turbed the radiation balance a t  higher levels  to produce a warm 
region in the atmosphere n e a r  50  km. Spitzer (1949) showed how a 
hitherto neglected t ranspor t  p rocess  - molecular  conduction - control- 
led the temperature  distribution of the outer  portion of the atmosphere 
and caused it to  become nearly i so thermal  at the highest altitudes. It 
had been recognized e a r l i e r  f rom ionospheric data and hydrostatic 
considerations that the atmosphere above 100 km was quite warm.  
Johnson and Wilkins (1965) identified the important role  of eddy 
t ranspor t  a s  the dominant hea t  t r ans fe r  p rocess  in the altitude region 
60- 110 km, above which molecular conduction and below which radiacion 
- 3 -  
are the dominant energy t ransfer  processes .  
conceptual gap in the understanding of the thermal  s t ruc ture  of the 
atmosphere.  
This filled an important 
A similar pat tern of development occurred  with regard  to 
t ranspor t  of a tmospheric  constituents. 
t ime that the effect of molecular  diffusion was such as to cause each 
atmospheric  constituent to tend to distribute itself i n  the ver t ical  as i f  
no o thers  were  present .  
to be the predominant constituent of the upper atmosphere ( Jeans ,  1916) 
because of its low mass. 
molecular diffusion proceeded s o  slowly that diffusion equilibrium was 
not likely to become established because mixing would occur too f re-  
quently to pe rmi t  it to be attained. 
ments  of atomic and molecular  oxygen as indicating that both mixing 
and molecular diffusion were  important nea r  110 km. 
measurements  of the variation with altitude of satell i te drag  were inter-  
preted by Nicolet (1961) as indicating that helium was the predominant 
constituent of the atmosphere above some high altitude, roughly the 
lower exosphere.  
tion was in diffusive equilibrium and that molecular  diffusion w a s  there-  
fo re  the Predominant p rocess  controlling the helium distribution above 
about 110 km, thus implying that mixing was predominant at lower 
It was recognized at an ea r ly  
On this account, hydrogen was once thought 
However, Epstein (1932) recognized that 
Nicolet (1954) interpreted measu re -  
Jacchia 's  (1961) 
This provided c l ea r  evidence that the helium distribu- 
-4-  
altitudes. 
f o r  molecular  and atomic oxygen and found that this imposed the requi re -  
ment  of a r a t e  of eddy mixing n e a r  4.5 x 10 
ne ce  s s a r y  t ransport .  
Colegrove - e t  al. (1965; €966) solved the continuity problem 
6 2 -1 
cm s to provide the 
After a n  understanding of the ver t ica l  s t ruc ture  of the upper 
a tmosphere h a s  been developed, the next s tep  should be to examine 
horizontal  t r anspor t  and to develop an understanding of diurnal and 
latitudinal variations.  
understanding as the ver t ica l  s t ruc tu re  problem. 
have calculated the diurnal winds to be expected a t  the equinox due to 
the diurnal p r e s s u r e  gradients in the upper a tmosphere n e a r  300 km. 
Rishbeth e t  al. (1969) have gone a s tep  fur ther  and calculated the pat tern 
of ver t ica l  winds to  be expected f rom the horizontal  divergence in  the 
calculated horizontal  winds. Johnson and Gottlieb (1970) have studied 
the hea t  budget of the lower thermosphere during sols t ice  conditions 
and have calculated the meridional  wind distribution required to balance 
the lack of symmet ry  in  the so la r  heat input. 
resu l t s  appear  reasonably in  consonance and supplementary in  nature .  
However, one ma jo r  observational feature of the upper a tmospheric  
pa t te rn  of density and tempera ture  variation has  not been adequately 
This has  not  yet reached the same level of 
Kohl and King (1967) 
Fortunately all these 
explained. 
density occurs  nea r  1400 hours  local  t ime (Jacchia ,  1964), whereas  
Satellite d rag  d a t a  have shown that the maximum of a tmospheric  
-5 - 
calculations of temperature  variations to be expected neglecting 
horizontal t ranspor t  indicate that the maximum should occur  nea r  
1700 hours .  
and associated broad scale  vertical  cu r ren t s  will explain this dis-  
crepancy, but this has  not yet been accomplished. 
It is reasonable to expect that t ransport  by wind sys tems 
Thermal  Transport  in the Vertical  
Figure 1 shows typical r a t e s  of hea t  input into the mesosphere 
and the lower thermosphere over the equator a t  solstice (Johnson and 
Gottlieb, 1970). The curve labeled 0 represents  the heat input above 
given altitudes due to the absorption of so la r  ultraviolet radiation by 
molecular oxygen; the values a r e  averages over a day, obtained by 
adding hourly values throughout the day and then dividing by 24 hours. 
The curve labeled O t O  represents  the heat  re leased above given 
altitudes by the recombination of atomic oxygen into molecular fo rm;  
this occurs  *predominantly at a much lower altitude than where the 
photodissociation is  strongest;  a t ransport  of molecular oxygen up- 
ward and atomic oxygen downward is involved in order  to maintain 
continuity in the steady state distributions, 
represents  the heat  released due to absorption of so la r  ultraviolet 
radiation by ozone. 
altitudes due to infrared radiation by atomic oxygen (Craig and Gille, 
2 
The 0 curve in  Figure 1 3 
The 0 curve shows the heeat loss  above given 
-6 -  
1969). 
infrared radiation, based on the calculations of Kuhn and London 
(1969). 
The IR curve represents  the heat loss  (or  gain) due to 
Figure 2 is similar to Figure 1 except the IR curve is based 
on calculations by Kondratiev e t  al. (1966) r a the r  than Kuhn and 
it shows considerably lower infrared lo s ses  near  the mesopause 
shows a heat input between 65 and 80 km. 
Figure 3 shows a family of curves for  different lati tudes 
London; 
and 
a t  
the solstice;  the individual curves  a r e  assembled in  the s a m e  fashion 
a s  the total  curve i n  Figure 1. 
is a weighted average over  the ea r th  of the other  curves  and represents  
Also shown is an average curve;  this 
the world-wide average of excess  heat  input above given altitudes over 
l o s ses  other than by eddy conduction. 
compensated by a downward eddy heat  flux that  t ransfers  the heat  t o  
lower altitudes (below 65 km) where i t  can be lost  by infrared radiation 
This excess  heat  input must  be 
to space.  
Figure 4 indicates the average profile of eddy mixing required 
to t r ans fe r  downward the excess  heat deposited in the atmosphere above 
7 2 -1 each altitude. The required coefficients vary  f rom about 10 cm s 
5 
at 110 km down to 10 nea r  60 km. Above 110 km, molecular conduction 
overwhelms eddy conduction and no means exis t  of estimating ra tes  of 
eddy mixing f rom the heat  balance. 
that the eddy diffusion coefficient will s t a r t  decreasing with altitude not 
f a r  above 110 km. 
However, i t  mus t  be anticipated 
The reason for  this is that eddy lifetimes will  be 
- 7 -  
shortened by molecular  diffusive dissipation of eddies; the exponential- 
ly  increasing rate of molecular  diffusion, which become l a r g e r  than 
the eddy coefficient nea r  110 km, must  make  eddy t r ans fe r  ineffective 
within a sca le  height or two above the altitude where the two are equal 
(Johnson and Gottlieb, 1970). Keneshea and Zimmerman (1970) have 
a l so  noted the expected terminat ion of turbulence due to molecular  dif- 
fusion but c la im an effective cessat ion of turbulence at that altitude 
where "the kinematic viscosity is of the o r d e r  of the turbulent viscosity" 
rather than a sca le  height o r  so  above it, as concluded by Johnson and 
Got tlieb 
Composition Transpor t  in  the Vert ical  
CsPegrove e t  aP. (1965), following a method of calculation equi- 
valent to that developed by Eettau (1951) for the combined t ranspor t  
effects of molecular  and eddy motion, calculated profiles of atomic 
and molecular  oxygen concentration to  be expected in the lower thermo 
sphere  for  var ious assumed rates of eddy mixing where the mixing 
coefficient was assumed to  be constant with altitude. They calculated 
rates of photodissociation and recombination of oxygen and applied the 
continuity condition to  determine the t r anspor t  of atomic oxygen down- 
ward  aFd molecular  oxygen upward. The photodissociation rates were  




good approximation to the total  dissociation pe r  day and to i ts  height 
distribution. 
ra tes  of eddy mixing (Colegrove e t  a l . ,  1966). 
highest ra te  of eddy mixing, the atomic oxygen concentrations a r e  
lowest because of the rapid eddy t ransport  downward f rom the region 
of photodissociation to the region of recombination. 
the highest concentration of molecular oxygen a t  the upper levels due 
to the more  rapid replenishment of the photodissociation lo s ses ;  how- 
ever ,  the molecular oxygen distribution is not a s  sensitive to changes 
zenith angle was assumed to apply f o r  12 hours a day; this gave a 
Their  resul ts  a r e  shown in Figure 5 f o r  th ree  different 
Note that with the 
This a l so  maintains 
in the rate  of eddy mixing as i s  the atomic oxygen distribution. 
middle curves  (solid) a r e  in best  agreement  with observed atomic oxygen 
concentrations, corresponding to a value of unity at 120 km fo r  the 
atomic-to-molecular oxygen ratio.  
The 
While Colegrove - e t  al. assumed an  equilibrium situation and 
showed that time constants were la rge  enough to validate this concept, 
Shimizaki (1967) approached the same problem f rom a different view- 
point, which he characterized a s  time dependent. However the time 
dependence that he introduced is not the diurnal effect but ra ther  the 
rate  a t  which equilibrium conditions a r e  approached, o r  the t ime r e -  
quired to produce equilibrium distributions of the s o r t  calculated by 
Colegrove e t  al. 
Figure 6 shows a se r i e s  of calculated atomic oxygen distributions for  
He assumed normal  so la r  incidence, 24 hours  a day. 
-9 -  
I .  
various t imes af ter  s tar t ing with an a rb i t r a ry  distribution; these 
indicate a t ime constant of a few days for  approaching equilibrium, 
and this would become a week o r  two i f  the so la r  radiation were  made 
to v a r y  diurnally. The break  in the curves at 100 km is due to a dis- 
continuity in the assumed temperature  distribution and has  no other  
physical significance. Figure 7 shows the equilibrium atomic and 
molecular oxygen 
m a y  be compared 
Both calculations 
calculations we r e  
s and should be 
-1 
distributions calculated by Shimizaki, and these 
with those of Colegrove e t  al. shown in Figure 5. 
show a broad maximum nea r  90 km. Shimizaki's 
7 2  based upon an  eddy diffusion coefficient of 10 c m  
mos t  near ly  comparable to Colegrove e t  al. ' s  cal- 
6 2 -1 
culations utilizing a coefficient of 9 x 10 c m  s . The grea te r  atomic 
oxygen concentrations calculated by Shimizaki a r e  due to his assump- 
tion of continuous, normal-incidence sunlight, giving rise to about 
three t imes more  dissociating events pe r  day than in the calculations 
of Colegrove e t  al. Shimizaki's distribution does not fall off a s  rapidly 
with decreasing altitude near  80 km because he  considered only one 
recombination process ,  OtOtM-'O t M ,  whereas OS0 tM'O +M becomes 
important there  and was included in Colegrove et  a l .  's  calculations. 
2 2 3 
Otherwise the two calculations appear to be in excellent agreement.  
7 2 -1 
Shimizaki's selection of an eddy mixing coefficient of 10 c m  s to 
f i t  the observational data on atomic and molecular oxygen is  too high 
- 10- 
* 
because of his assumption of continuous so l a r  radiation; Colegrove 
e t  al. ' s  value of 4 .5  x 10 c m  s 
6 2 -1 
to f i t  the same data is m o r e  realist ic.  
Most of the dissociated oxygen in  Shimizaki's calculation flows 
out through his lower boundary at 70 km, because he has not included 
recombination processes  adequate to match the dissociation r a t e s ,  
distribution turns sharply to lower values nea r  70 km in o rde r  to provide 
the necessary  gradient to remove the excess  atomic oxygen through his 
lower boundary. 
decreasing altitude below 95 km in Colegrove et a l . ' s  calculation is  due 
in  large par t  to the recombination processes .  
included by Colegrove __. e t  al. represent  an extreme simplification of the 
chemistry of recombination. 
problem in much m o r e  detail.  
His 
On the other hand, the fall off of atomic oxygen with 
- 
Even the two processes  
Hesstvedt (1968) has considered this 
It is interesting to examine the noble gas  concentration profiles 
calculated by Colegrove - e t  al. (1966). 
culated fo r  th ree  different ra tes  of eddy mixing, assumed to be uniform 
in t ime and altitude. Helium i s  much lighter than the average atmospheric  
gas and, under action of molecular  diffusion, tries to flow out of the 
lower atmosphere and up into the thermosphere.  Eddy mixing acts  as a 
pump to t ransport  helium f r o m  above the turbopause to below the turbo- 
pause. The equilibrium concentration curve shown for  helium in Figure 
8 involves an upward t ransport  by molecular diffusion that j u s t  matches 
the downward t ransport  by eddy diffusion. 
Figure 8 shows profiles tal- 
Argon, heavier than the 
-11- 
average atmospheric gas, t r ies  under action of molecular diffusion 
to sink into the lower atmosphere,  but eddy mixing ac ts  as a pump 
to maintain i t s  concentration in the upper  atmosphere higher than i t  
would otherwise be. 
but higher up i t  loses  out to molecular diffusion, which maintains a 
diffusion equilibrium distribution above about 130 km. 
and 130 km is a transition region, which is neither well mixed nor  in 
This it does well up to a n  altitude of about 100 km, 
Between 100 
diffu s ion equilibrium. 
It is reasonable to define the turbopause a s  that altitude at 
which the molecular  diffusion coefficient equals the eddy diffusion coef- 
ficient. Since the molecular diffusion coefficient depends upon the 
constituent in question, this concept requi res  that different turbopauses 
be defined for  different species. This is i l lustrated in Figure 8 for  
th ree  assumed ra tes  of eddy mixing; the three  helium turbopauses a r e  
lower than the three argon turbopauses because the molecular diffusion 
coefficient for  helium is la rger  than f o r  argon, other conditions being 
equal, and it is necessary  to go to a higher altitude for  argon than for 
helium to attain a molecular  diffusion coefficient as large as the ac-  
cepted value for  the eddy diffusion coefficient. 
Hodges (1970) has  drawn attention to the fact  that internal gravity 
waves, even in  the absence of turbulence, ac t  to t ransport  lighter gases  
downward and heavier gases upward. Thus this process  ac ts  in the 
same sense as turbulence and supplements it. Hodges concludes that 
-12-  
gravity wave t ranspor t  is a factor in decreasing the density scale 
height for  helium f rom the values calculated on the basis  of diffusion 
equilibrium above the turbopause. 
Horizontal T rans  port 
Figure 3 shows a non-uniform heat  input over the earth above 
various altitudes. However, except for  the diurnal bulge, the pattern 
of upper atmospheric temperature  i s  amazingly uniform. The diurnal 
minimum is cooler than the winter polar  region. This suggests that 
something is acting to even out the non-uniformity of heat input, and 
the only likely mechanism is wind. Johnson and Gottlieb (1970) have 
calculated the average meridional wind required to accomplish this.  
The method used was to calculate the ver t ical  motion and compressional 
heating o r  cooling required to compensate for  the non-uniformity in  heat 
input as a function of latitude and altitude shown in Figure 3 .  
average ver t ical  motion required a t  the solstice i s  shown in Figure 9 
for s eve ra l  latitudes; it is upward over the equator and the entire s u m m e r  
hemisphere and downward in the winter hemisphere except within per -  
haps 15 of the equator. 
wind required a t  low latitude to maintain continuity where the wind is 
assumed- to  va ry  with latitude X a s  cosX. This then i s  the meridional 
wind sys tem required a t  solstice to maintain the warmth of the winttrl. 
The 
0 Figure 10 shows the associated horizontal 
- 13- 
polar region at the expense of so l a r  heat  input into the s u m m e r  
hemisphere .  
The meridional  wind sys t em indicated in F igure  10 provides 
the mos t  probable explanation f o r  the winter helium bulge, a build up 
in hel ium concentration at high altitudes over  the winter polar region 
(Keating and P r i o r ,  1969). The horizontal  t r anspor t  of a light minor  
a tmospheric  constituent is  enhanced relative to the ma jo r  a tmospheric  
constituents in proportion to the sca le  height (Johnson and Gottlieb, 1970). 
Kellogg (1961) has  drawn attention to  the possible importance 
of recombination of atomic oxygen a s  a heat source  in the mesosphere  
over  the winter polar region, associated with downward cu r ren t s  there. 
However, the study of Johnson and Gottlieb (1970) indicates that the hea t  
t ransfer  associated with atomic oxygen t ransported in this manner  is 
relatively unimportant, amounting to only about 20 percent  of the heat 
r e l ease  due to oxygen recombination associated with downward t ranspor t  
by small sca le  eddies. 
Kohl and King (1967) have calculated the diurnal winds to be 
expected in  the upper thermosphere fo r  an equinoctial situation. 
used the density distribution deduced by Jacchia (1964) f r o m  satell i te 
d rag  data, simplified to an  idealized symmetr ica l  distribution of p r e s -  
su re .  They took ear th  rotation, ion drag,  and viscosity into account 
and calculated the wind patterns shown in F igures  11 and 12 for an 




I .  
blowing f rom the diurnal density maximum to  the minimum. 
reasonable to  suggest on the basis  of the study of Johnson and Gottlieb 
that there  should be a net inflow into both polar regions to make up for  
hea t  input deficits there at the equinox. 
wind patterns calculated by Kohl and King, but they presumably would 
appear if accurate  data were available for  the p re s su re  gradient dis-  
tributions over  the polar regions. 
winds into the polar region f rom the diurnal maximum than out of the 
polar region into the diurnal minimum, thus producing a net  inflow into 
the polar region. 
It is  
These a r e  not evident in the 
They would appear as s t ronger  
Rishbeth e t  al. (1969) have ca r r i ed  the calculation of diurnal 
wind systems a step fa r ther  by determining the horizontal divergence 
in the calculated wind patterns. In addition, they discriminate between 
the diurnal expansion of the atmosphere,  which increases  p re s su res  a t  
all altitudes in the upper atmosphere but does not increase  the p re s su re  
experienced by any air particle that moves with the bulk atmosphere in 
i t s  expansion, and horizontal divergence, which reduces the p re s su re  
experienced by such air particles.  
diurnal p re s su re  maximum, the atmosphere expands and the p re s su re  
increases  a t  a l l  altitudes but this in itself does not cause individual a i r  
particles to experience a pressure  change. However, i t  causes horizontal 
divergence in  the wind field which leads to p re s su re  decreases .  However, 
In the case  of the approach of the 
-15- 
the p r e s s u r e  decrease  associated with the divergence cannot be as 
l a rge  as the diurnal increase ,  otherwise it would overcompensate the 
effect that produces the divergence in the first place. The situation 
nea r  the diurnal minimum is similar but opposite in a sense.  Figure 
B 
13 shows the pat tern of ver t ical  velocity W due to  divergence and W D 
due to thermal  expansion; a lso shown a r e  the concentrations of atmo- 
spher ic  par t ic les  through the day a t  sunspot minimum and maximum a t  
300 km. Figure 14 shows the ver t ica l  pattern of ver t ica l  velocity due 
to divergence; a lso shown is the associated flux of par t ic les ,  which de-  
c r e a s e s  with altitude because of the decrease  in  a tmospheric  density with 
altitude. The resu l t s  become unreliable at the lowest altitudes shown 
because ze ro  wind was assumed at 120 km in the calculations. The 
resu l t s  apply for  45O latitude a t  equinox, 
Volland (1969) has considered the e f fec t  of diurnal tidal waves 
nea r  the equator and concludes that they m a y  dominate over  other c i r -  
culations up to 250 km altitude. 
and phase,  he claims to reproduce the observed phase of the diurnal 
density variation as observed by satell i tes.  
By proper  choice of tidal wave amplitude 
This is another way of 
introducing horizontal  winds into the problem of upper a tmosphere density 
var ia t ions,  It is  in a sense  a r b i t r a r y ,  and i t  ignores the effects of north- 
south t ransport .  However, there  can be no doubt that tidal variations 
mus t  be included in any full and co r rec t  t reatment  of upper a tmospheric  
variations.  
- 16- 
In conclusion, it is c l ea r  that ma jo r  wind sys tems play an 
important role  in l imiting the magnitude of both diurnal and seasonal  
variations in a tmospheric  density. However, studies of the s o r t  
discussed h e r e  will require  considerable extension before all the 
ma jo r  effects associated with these wind sys tems a r e  identified. 
of the important factors  requiring be t te r  explanation a r e  the seasonal  
and possibly diurnal composition changes and the phase of the diurnal 
variations.  
Some 
This r e sea rch  was supported by the National Aeronautics and 
Space Administration under grant  NGL 44-004-026. 
- 17- 
References 
Colegrove, F. D. , Hanson, W. B . ,  and Johnson, F. S.: 1965, 
J. Geophys. Res.  70, 4931. 
Colegrove, F. D . ,  Johnson, F. S., and Hanson, W. B.: 1966, 
J. Geophys. Res.  71, 2227. 
Craig,  R. A. , and Gille, J. C . :  1969, J. Atmos. Sci. 26, 205. 
Emden, R. : 1913, c b e r  Strahlungsgleichgewicht und atmosph&ische 
Strahlung. Sitz. K. Bayer,  Wissensch.  Gesellsch.  Mcnchen, 
math. -phys. K1. , 43, pp. 55-142. 
Epstein,  P. S .  : 1932, Gerlands Beitr .  35, 153. 
Gowan, E. H. :  1936, Quart. Jour .  R. -Meteor. SOC. suppl. 62, 34. 
Hesstvedt,  E. : 1968, Geofysiske Publikasjoner,  Geophysica Norvegica 
XXVII No. 4, 1. 
Hodges, R. R . ,  Jr. : 1970, Vertical  t r a n s p o r t  of minor  constituents 
i n  the lower thermosphere by nonlinear p rocesses  of gravity 
waves,  submitted to J. Geophys. Res .  
Jacchia ,  L. G, : 1961, Space Research Vo1. 11, P roc .  of Second 
International Space Science Symposium, Florence,  H. C. van de 
Hulst, C. de Jager ,  and A. F. Moore e d s . ,  North-Holland 
Publishing Go. , 747. 
- 18- 
Jacchia, L. G. : 1964, Smithsonian Astrophysical Observatory 
Special Report  No .  150, 32 pp. 
Jeans ,  J. H. : 1916, Dynamical Theory of Gases ,  2nd ed . ,  Cambridge. 
Johnson, F. S . ,  and Gottlieb, B. : 1970, Eddy mixing and circulation 
at inospheric levels ,  submitted to Planet.  Space Sci. 
Johnson, F. S. , and Wilkins, E .  M.:  1965, J. Geophys. Res.  70, 1281; 
Correction, J. Geophys. Res.  70, 4063. 
Keating, G. M. and P r i o r ,  E. J. : 1969, Space Resea rch  Vol. VI I I ,  
in press. 
Kellogg, W. W. : 1961, J. Meteorol. 18, 373. 
Keneshea, T. J. , and Zimmerman,  S. P. : 1970, The effect of mixing 
upon atomic and molecular  oxygen in  the 70-170 k m  region of 
the atmosphere,  submitted to J. Atmos. Sci. 
Kohl, H., and King, J. W. :  1967, J. Atm. T e r r .  Phys. 29, 1045. 
Kondratiev, K. Ya.,  Badinov, I. Y . ,  Gaevskaya, G. N . ,  Nikolsky, 
G. A . ,  and Shved, G. M. : 1966, Radiative factors  in the Heage 
Regime and dynamics of the upper a tmospheric  l aye r s ,  in 
Problems of Atmospheric Circulation, R. V. Garcia and T. F. 
Malone, eds .  Macmillan and G o . ,  Ltd. , London. 
Kuhn, W. R . ,  and London, J . :  1969, J. Atmos. Sci. 26, 189. 
Lettau, .H. : 1951, Compendium of M e t e o r o l o a ,  T. F. Malone ed. , 
American Meteorological Society, pp. 320-333. 
- 19- 
Nicolet, M.: 1954, J. Atm. T e r r .  Phys. 5,  132. 
Nicolet, M. :  1961, J. Geophys. Res.  66, 2263. 
Rishbeth, H . ,  Moffett, R. J. , and Bailey, G. J. : 1969, J. Atm. 
Te r r .  Phys.  31, 1035. 
Shimizaki, T. : 1967, J. Atm. T e r r .  Phys. 29, 723. 
Spitzer,  L. : 1949, The Atmospheres of the Earth and Planets ,  G. 
P. Kuiper, ed. University of Chicago Press, pp. 211-247. 
Volland, H. :  1969, J. Atm. T e r r .  Phys. 17, 1581. 
-20- 
Figure Captions 
Figure 1 Heat input into the upper a tmosphere above given 
altitudes evaluated over  the equator at the sols t ice ,  
according to  Johnson and Gottlieb (1970). 0 indicates 
hea t  re leased due to absorption by molecular  oxygen of 
2 
3 
s o l a r  radiation in the wavelength range below 1875i;  0 
that due to  absorption of so l a r  radiation by ozone; OtO 
the heat re lease  due to recombination of atomic into 
molecular  oxygen; 0 the hea t  l o s s  by inf ra red  emission 
by atomic oxygen according to Craig and Gille (1969); 
IR the infrared lo s ses  due to  other  constituents according 
to Kuhn and London (1969). 
Similar  to Figure 1 but using the infrared hea t  l o s ses  
calculated by Kondratiev et al. (1966). 
Net heat  input into the upper a tmosphere above given 
altitudes during the sols t ice ,  according to Johnson and 
Gottlieb (1970). 
and is the total curve shown in F igure  1. 
F igure  2 
Figure  3 
The curve labeled 0 is fo r  the equator 
Curves a r e  
shown f o r  var ious lati tudes,  with summer  latitudes shown 
as positive. 
-21-  
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Figure  4 
Figure  5 
Figure 6 
F i g u r e  7 
Figure 8 
The profile of eddy mixing coefficient required as 
a worldwide average to t ranspor t  downward the excess  
hea t  input above each altitude indicated by the average 
curve in Figure 3 ,  according to Johnson and Gottlieb 
(1970). 
study of infrared lo s ses  by Kuhn and London (1969) 
whereas  the dashed curve is based on the study by 
Kondratiev - et al. (1966). 
Concentrations of the ma jo r  atmospheric constituents 
taking into account photodissociation, recombination, 
and ver t ica l  t ranspor t  fo r  three values of the eddy diffusion 
coefficient K, according to  Colegrove - e t  al. (1966). 
Concentrations of atomic oxygen af te r  various periods of 
time, taking into account photodissociation, recombination, 
and ver t ical  t ransport ,  according to Shimizaki (1967). 
Equilibrium concentrations of atomic and molecular  oxygen, 
taking into account photodissociation, recombination, and 
ver t ica l  t ranspor t ,  according to Shimizaki (1967). 
Concentrations of argon and helium for  t h ree  values of the 
eddy diffusion coefficient K, according to  Colegrove e t  al. 
(1966). 
The solid curve shows the resu l t s  based on the 
Arrows indicate the altitude at which the molecular 




Vertical  velocities calculated for  various latitudes 
to compensate fo r  unsymmetrical  so la r  heating input 
into the upper a tmosphere at the solstice,  according 
to Johnson and Gottlieb (1970). 
to the s u m m e r  hemisphere,  negative to the winter. 
Average meridional winds required to provide the 
ver t ical  velocities shown in Figure 9, according to 
Johnson and Gottlieb (1970). The values shown are 
equatorial, and the latitudinal variation has  been assumed 
to be according to cos A .  
Positive labels apply 
Figure 11 The atmospheric wind sys tem in the northern hemisphere 
calculated for  an altitude of 300 km when the peak 
electron density is 10 c m  , according to Kohl and 
King (1967). 
The atmospheric  wind sys tem in the northern hemisphere 
calculated for  an altitude of 300 km when the peak electron 
density is 3 x 10 cm , according to Kohl and King (1967). 
Local t ime variation of the divergence velocity W 
the barometr ic  velocity W 
upwards) according to Rishbeth e t  al. (1969). The var ia-  
tion of atomic concentration at 300 km is shown below. 
Altitude variation of the ver t ical  flux ( -  - - - )  at midnight 
(0) and noon (12) and of the divergence velocity W at six 
different local ' t imes (-), according to Rishbeth - e t  al .  (1969) 
6 - 3  
Figure 12 
5 - 3  
and D Figure 13 
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